Abstract. In the course of stimulation and fluid production the chemical fluid-rock equilibrium of a geothermal reservoir may become disturbed by either temperature changes and/or an alteration of the fluid chemistry. Consequently, dissolution and precipitation reactions might be induced that result in permeability damage. In connection with the field investigations at a deep geothermal doublet, complementary laboratory based research is performed to address these effects. The reservoir is located at a depth of 4100 to 4200 m near Groß Schönebeck within the Northeast German Basin, 50 km north of Berlin, Germany. Within the reservoir horizon, an effective pressure of approximately 45 MPa and a temperature of 150°C are encountered. Furthermore, the Lower Permian (Rotliegend) reservoir rock is saturated with a highly saline Ca-Na-Cl type formation fluid (TDS ≈ 255 g/L). Under these conditions we performed two sets of long-term flow-through experiments. The pore fluid used during the first and the second experiment were a 0.1 molar NaClsolution and a synthetic Ca-Na-Cl type fluid with the specifications as above, respectively. The maximum run duration was 186 days. In detail, we experimentally addressed: (1) the effect of long-term flow on rock permeability in connection with possible changes in fluid chemistry and saturation; (2) the occurrence and consequences of baryte precipitation; and (3) potential precipitations related to oxygen-rich well water invasion during water-frac stimulation. In all sub-studies petrophysical experiments related to the evolution of rock permeability and electrical conductivity were complemented with microstructural investigations and a chemical fluid analysis. We also report the technical challenges encountered when corrosive fluids are used in long-term in-situ petrophysical experiments. After it was assured that experimental artifacts can be excluded, it is demonstrated that the sample permeability remained approximately constant within margins of ± 50 % for nearly six months. Furthermore, an effect of baryte precipitation on the rock permeability was not observed. Finally, the fluid exchange procedure did not alter the rock transport properties. The results of the chemical fluid analysis are in support of these observations. In both experiments the electrical conductivity of the samples remained unchanged for a given fluid composition and constant p-T conditions. This emphasizes its valuable complementary character in determining changes in rock transport properties during long-term flow-through experiments when the risk of experimental artifacts is high.
Introduction 1
The purpose of this paper is to report the outcome of long-term flow-through experiments that 2 complement the scientific efforts made by the GFZ-Potsdam on energy production from 3 geothermal reservoirs (www.gfz-potsdam.de/pb5/pb52/projects/Machbarkeit/ewelcome.html). 4
Within this framework a geothermal research doublet has been established at a site within the 5 Northeast German Basin near Groß Schönebeck, 50 km north of Berlin, Germany. 6
The production and injection horizon is situated at 4100 to 4200 m depth and is composed of 7
Lower Permian (Rotliegend) sandstones. The fault pattern analysis of a 3D structural model 8 indicates normal to strike slip faulting for the Lower Permian sediments. The formation pore 9 pressure (pp) is 43.8 MPa, determined by p-T logs at stationary conditions of the geothermal 10 target horizon (Legarth et al. 2005 ). According to the stress relation of normal faulting the 11 effective mean stress (σ meff ) was calculated as 42.9 MPa (Blöcher et al., 2008) . The 12 temperature at this location follows a normal geothermal gradient and is approximately 13 150°C. The pore fluid within the formation is of Ca-Na-Cl type with a high salinity (TDS ≈ 14 255 g/L). Furthermore and in addition to other species, it has a non-negligible degree of 15 mineralization with respect to Fe, Ba and SO 4 with concentrations typically around 67.6 16 mg/L, 25.5 mg/L, and 51.0 mg/L, respectively. A detailed description of the geological 17 situation at this site can be found in Moeck et al. (2008) . 18
In the course of reservoir stimulation and exploitation the local thermodynamic equilibrium of 19 the formation is disturbed. This might induce a number of fluid-fluid-and fluid-rock 20 interactions potentially leading to permeability damage: 21
(1) During reservoir stimulation by a water-frac, the formation fluid is displaced by oxygen-22 rich well water. This possibly causes the precipitation of iron hydroxides (Seibt, 2000 and 23 references cited therein). During the former procedure the temperature in the proximity of the 24 injection well can be as low as 30°C. 25 In contrast, an effect of clay swelling on the rock permeability (e.g. Omar, 1990) in the 35 present case is not to be expected as the rock does not contain the relevant clay minerals. The 36 preceding conditions and processes defined the experiments performed in this study. 37
Both theoretical and experimental studies with a related focus on the hydro-mechanical effect 38 of mineral dissolution and precipitation reactions have previously been performed. They 39 concerned primarily fluid assisted rock deformation also termed pressure solution (e.g. Rutter Dissolution and precipitation can occur both isolated and coupled. In connection with the 49 present study it was previously shown (Tenthorey et al., 1998) that for low temperatures (< 50 300°C) and homogeneous rock aggregates minerals other than quartz (e.g. feldspars) need 51 additionally to be present. Here, the observed decrease in permeability was induced by 52 authigenic clay phases that rapidly became precipitated after dissolution of the constituent 53 ionic species and respective fluid oversaturation. In contrast, fracture aperture was also shown 54 to decrease for a pure novaculite at low-and moderate temperatures displaying in fact an 55 underlying pure dissolution process (Yasuhara et al., 2006) . 56
The aim of this research study was to experimentally investigate the occurrence and the effect 57 of the particular processes (1) to (3) described above. This study was conducted under 58 realistic conditions regarding rock-and fluid type, combinations of confining-and pore 59
pressures, flow-rates as well as temperatures. The principal physical parameter investigated in 60 the present study was the rock permeability. The latter was complemented by continuous 61 measurements of the electrical sample conductivity as well as a chemical analysis of the pore 62 fluid in regular time intervals. Finally, we decribe the technical challenges encountered when 63 using highly saline pore fluids over experimentally extremely long periods of time. 
Generalities 100
The experiments were conducted under hydrostatic conditions in a recently set up HPT-101 permeameter. The apparatus as well as details of measurement procedures are described in 102 our companion paper (Milsch et. al, 2007) . Electrical conductivity measurements were 103 performed in a four-electrode arrangement with a variable shunt-resistor. For this purpose 104 silver rims were painted onto the dried samples at a distance of 25 mm prior to immersion 105 with their respective fluids under vacuum (Figure 2 ). The latter procedure also served for 106 determining the starting porosity by comparing the dry and wet sample masses. 107
To reduce the risk of corrosion within the apparatus the synthetic formation fluid was flushed 108 with nitrogen for 12 hours to minimize its oxygen content, was then filled into the evacuated 109 pore pressure system, and was finally prepressurized with nitrogen to 0.2 MPa. After 110 assembly, the specimens were subjected to a confining-and pore pressure of 10 and 5 MPa 111 and a temperature of 30°C, respectively defining the starting conditions. 112
Given a full stroke volume of 265 mL the active upstream pore fluid pump was refilled 113 approximately once per day with the respective fluid. The flow was unidirectional and 114 repeated pumping of the same fluid was not performed. Despite the ability of the apparatus to 115 perform a continuous fluid flow with four pumps only one upstream and one downstream 116 pump were active at the same time. The two others were kept on hold and they took over 117 when servicing of the former ones had become necessary. Particularly, this was the case when 118 at a given point leakage occurred due to pump seal damage as a consequence of salt 119 crystallization on the pump cylinder walls. 120 121
Long-term experiment with 0.1 molar NaCl solution 122
The long-term flow-through experiment with sample ebe05-3 was conducted over 45 days. A 123 continuous flow-rate of 0.1 mL/min was applied. After confining pressure increase to 50 MPa 124 the temperature was maintained at 30°C for two days and was then increased to 150°C for the 125 remainder of the experiment. The confining-and pore pressure were kept constant at 50 The long-term flow-through experiment with sample ebe05-4 had a total duration of 186 days. 133
The flow-rate was 0.1 mL/min and the test was performed at a constant confining-and pore 134 pressure of 50 and 5 MPa, respectively. After confining pressure increase to 50 MPa the 135 temperature was maintained at 30°C for three days and was then increased to 150°C. 
Procedural overview 173
Table I summarizes the sample properties at starting conditions and after the confining 174 pressure increase to 50 MPa, the porosity being measured at ambient pressure as described 175
above. This table emphasizes the significant effect of an effective pressure increase on both 176 transport properties. Effective pressure is meant as the difference between confining-and pore 177 pressure according to Terzaghi's Principle (Terzaghi, 1923) . 178
The flow chart in Table II The measured permeability and electrical conductivity are shown in Figures 3 and 4 , 186 respectively as a function of time. The increase in electrical conductivity after two days is due 187 to the temperature increase from 30 to 150°C. After four days the permeability started to 188 decrease from 0.33 · 10 -15 m 2 to a minimum of 1.0 · 10 -17 m 2 . This decrease was interrupted 189 by short permeability jumps back towards its initial value. As the electrical conductivity 190 remained unchanged it was supposed that some kind of clogging had occurred at the upstream 191 side of the sample as both parameters are related at least qualitatively (Table I and The iron hydroxide originated from one single corrosive spot within the pore pressure system 210 at the thread of one of the reservoir tanks. To avoid further corrosion the synthetic formation 211 fluid and the pore pressure system were preconditioned as described in Section 2.2.1. The lowest concentration of Ba 2+ and SO 4 2-ions was added to the pure formation fluid at a 243 temperature of 150°C and the latter was then decreased to 60°C. For each of the three 244 different concentrations the flow was maintained for two to three days. Subsequently, this 245 fluid was exchanged against tap water at 150°C which then was flown through the sample at 246 60, 30, and 60°C, respectively for approximately one day at each temperature level. Finally, 247 the tap water was exchanged against the original, pure formation fluid to establish the starting 248 conditions both at 150°C and then at 30°C. 249
As a result, neither a change in temperature nor the different fluid exchanges affected the 250 sample permeability which remained constant at approximately 1 ± 0.1 · 10 -15 m 2 . The 251 evolution of the sample permeability during both experimental stages with specimen ebe05-4 252 is summarized in Figure 10 . 253
In Figure 9 the conductivity curve closely follows the temperature plot in Figure 7 unless the 254 fluid is tap water. Here, naturally, the electrical conductivity of the sample is close to zero 255 (0.06 mS/cm). By comparison, it is evident that the electrical conductivity -for a given 256 temperature and fluid composition -was not altered at neither stage of this fluid exchange 257 procedure. In addition, the conductivity value at 30°C and 16 days in Figure 9 Table III and  280 will be discussed in Section 4.5. 281 Table III  283   284 3.5 Determination of the formation fluid viscosity by permeability measurements 285
As described in Milsch et al. (2007) Thus, the permeability determination relies on the pressure difference measured over the 294 sample. For a given flow-rate, cross sectional area, sample length, and permeability the 295 pressure difference measured will depend on the fluid viscosity. As for a given fluid 296 composition and temperature the pressure difference was observed to remain unaltered the 297 unknown temperature dependence of the formation fluid viscosity can be calculated. 298
The latter is accomplished by comparing the pressure differences of both tap water and 299 formation fluid measured during temperature ramping (Figure 7) . Under the assumptions 300 made above the formation fluid viscosity (at 5 MPa) is then given by: 301 The post-experimental microstructure of sample ebe05-3 showed no obvious departure from 384 the one investigated before start. Particularly, no significant infiltration of corrosion related 385 rust into the specimen had occurred as evidenced by both optical-and SE-microscopy. 386 Finally, a comparative study should be undertaken on both diagenetically consolidated rock 449 samples and specimens made from compacted mineral sands having a similar composition. 450
Here, differences in reactive surface area and -energy could significantly affect the style and 451 the degree of secondary mineral precipitation potentially leading to permeability damage. 564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584 585 586 Results of post-experimental EDX element mapping for Si, Al and Fe (sample 660 ebe05-3). Si prevails due to the high quartz content of the sample. Al emanates 661 from both K-feldspar and clay minerals (mainly illite and chlorite). The Fe 662
Figures

Figure 1a
Optical micrograph (crossed nicols) of the starting material. The magnification is 100x. See text for more details on the sample microstructure. 
Figure 6b
Sample ebe05-4, stage 1. As in (a) but the signal was time-averaged over 24 hours. Here, signal alternation becomes more apparent. In addition, the graph evidently indicates the constancy of the electrical sample conductivity within margins of 10 ± 1.0 mS/cm. In connection with the permeability measurement this supports the conclusion of unaltered sample transport properties in the course of the experiment within experimental limits. 
